ABSTRACT There is a common lack of flexible power to quickly follow peak loads of many coal-dominated provincial power grids (PPGs) in China. A regional power grid (RPG) that covers several provinces is responsible for scheduling the power plants it manages and allocating their power to subordinate PPGs in response to different peak loads. This process is more difficult than conventional peak operations for a single PPG. A methodology for hydrothermal system generation scheduling considering multiple provincial peak-shaving demands is developed. This methodology utilizes a novel load subsection optimization model to smooth local frequent load fluctuations. The model divides the provincial load curve into several subsections to construct an expected residual load profile with the average load of each subsection in advance. Minimizing deviation between the expected and calculated load profiles is then formulated as the optimization objective. Three practical algorithms, named the multistep progressive optimality algorithm, the heuristic algorithm, and an improved load shedding method, are integrated to determine the power generation for hydropower plants, pumped-storage plants, and thermal plants, respectively. Moreover, a variable neighborhood search algorithm is proposed to coordinate the allocation of the power generation among PPGs. This methodology has been implemented for the operations of the East China Grid, which is the largest RPG in China. Comparisons with an existing optimization model and a conventional method are, respectively, given in two cases. The first case shows that the peak-shaving demands in subordinate PPGs are effectively met. The load fluctuations in local hours are smoothed, with an average reduction of 6.3% in allan variance of residual loads. The second case implies that the proposed method deals better with the load differences in multiple power grids. It should also be noted that the operating flexibility of different power plants has a significant effect on smoothing fluctuations in residual loads.
I. INTRODUCTION
Most provincial power grids (PPGs) in China are coaldominated energy systems [1] , [2] having a common lack of flexible generation capacity to respond to soaring peak demands with very large load differences between the peaks and the off-peaks [3] . There exists tremendous
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peak-shaving pressure, especially in the developed eastern and coastal regions. The East China Grid (ECG), the largest regional power grid (RPG) in China [4] , is a typical example. Its maximum load differences rose from 8 GW in 1995 to 76 GW in 2018, with a growth rate of 850%, while the dispatchable generation capacity increased by a significantly less rate during that period. Obviously, there is a large gap between peak power demands and dispatchable power supply. On the other hand, large-scale wind and solar power penetration in recent years [5] , [6] has further aggravated the peak-shaving problem because of the uncertainty and variability in their power generation [7] , [8] . The peak-shaving problem has threatened power supply safety and has also become a major barrier to the development of renewable energy sources.
A usual way to alleviate the peak-shaving pressure on PPGs is to optimize the quarter-hourly generation schedules of flexible power plants. Under an RPG that covers several provinces, this pressure can be further reduced by coordinating the generations of power plants the RPG manages among subordinate PPGs. These peak operation problems have a common target, which is to shave peak loads and smooth residual load fluctuations for low-efficiency coal-fired plants of each PPG [9] . Thus, the operation and shutdown times of coal-fired units should be reduced, and their operation efficiency can be enhanced accordingly. Many scientific literatures have studied peak operations and presented valuable algorithms and practical strategies [10] - [12] . In terms of the principles and characteristics, these approaches can be broadly classified into load optimization methods, benefit optimization methods, and load characteristic methods.
The first type of method provides load-based optimization models for peak operations. Usually, the residual loads that are obtained by subtracting the power generation from the original load are adopted to formulate a suitable optimization objective to guide power plants to meet peak demands. Feng et al. [4] and Cheng et al. [3] developed a novel linear objective function minimizing the peak-valley difference of the residual load series to optimize the quarter-hourly generation schedules of hydropower and thermal plants. Their models relate only to the maximum and minimum of residual load series during optimization. Shen et al. [13] and Feng et al. [14] formulated the peak-shaving model by minimizing the mean square deviation of the residual load series. The model requires the daily energy target of each power plant. Wang et al. [15] utilized a peak energy maximization model for hydropower system operations in a single PPG, and introduced a central vector to reformulate the objective function. The objective considered in the model was to minimize the maximum residual load over all periods. He concluded that the model could effectively reduce the maximum load differences between the peaks and the offpeaks. Wu et al. [16] extended the model to apply it to the peak operations of multiple PPGs and substituted the objective function with an equivalent aggregate function to simplify the model. This modification indeed enhances the search efficiency during optimization, but the newly introduced precision parameter is hard to set. Improper parameter values may also result in frequent load fluctuations within several hours. The second kind of method introduces timevarying electricity prices into optimization models considering variation in load demands over the entire operational horizon [17] . The objective of maximizing the generation benefit or minimizing the cost of power consumption is often used [18] , [19] . In these objectives, the driving variable is electricity prices. Specifically, a higher price is generally set in high load hours and a lower price in low load hours. The pursuit of high profits encourages power plants to produce much generation energy during peak load hours while satisfying their operational constraints. Similarly, the time-ofuse electricity price also promotes the consumer to shift the peak load and gets incentives in terms of cost reduction while considering the demand response [20] . The second type of methods is indeed effective, but it is commonly applied to power system operations in electricity markets [21] . At this stage, these methods are not suitable for the centralized dispatch currently used in China's power grids [22] - [24] because the electricity price mechanism is not perfect. The third kind of method is an empirical strategy used in practical engineering in China. In this method, the power generation is determined according to the load characteristics [25] , [26] . Usually, the load curve is broken into high-load, mediumload, and low-load subsections based on the operators' experience. In a descending load order, power plants will first generate electricity in the periods of the high load subsection, then the medium load subsection, and finally the low load subsection. This approach is easy to understand and fast to execute. However, load variation within each subsection is not considered. This variation may result in abrupt changes in the residual load curve from one load subsection to another, which makes it extremely difficult to schedule low-efficiency coal-fired units because of their poor regulating capability.
To overcome the difficulty of smoothing local frequent load fluctuations, a novel load subsection optimization model (LSOM) is proposed in this study. This model first utilizes the load characteristics to divide a provincial load curve into several subsections. Here, several subsections are considered depending on the reversal of the load tendency. Minimizing deviation between the expected and calculated load profiles is then formulated as the objective to optimize the quarter-hourly generation schedules. Finally, the proposed model is integrated into a methodology for hydrothermal system generation scheduling considering multiple provincial peak-shaving demands. In the methodology, three different algorithms, named the multistep progressive optimality algorithm (MSPOA), heuristic algorithm, and improved load shedding method (ILSM), are used to determine the power generation of hydropower plants, pumped-storage plants, and thermal plants, respectively. Moreover, a variable neighborhood search algorithm is proposed to coordinate the allocated generation among PPGs to improve operation policies.
The proposed methodology is applied to the peak operations of power plants operated by the ECG. The ECG, the largest RPG in China, covers four provinces and one city. The ECG is authorized to make quarter-hourly, daily, and monthly generation schedules for 14 large power plants that are owned by generation enterprises (such as State Grid Xinyuan Company and China National Nuclear Power Corporation). Additionally, the ECG is also responsible for allocating the generated power and coordinating power exchange among subordinate PPGs, managing a 500 kV or higher transmission network, and bearing other important operation tasks. This study focuses on the day-ahead scheduling. The task is to determine the generation schedules of power plants operated by the ECG and allocate power among subordinate PPGs. Due to a common lack of dispatchable power in these coal-dominated PPGs, it is of great importance to utilize ECG's plants to respond to provincial peak-shaving demands. This problem is more difficult than peak operations for a single PPG because of great differences in load magnitude and load variation among multiple PPGs. Hence, the case study that is used is feasible and convincing for verifying the present method. Two simulation cases are given. The results show that the method can respond to different peak demands of PPGs and that the maximum load differences between the peaks and the off-peaks are greatly reduced. By comparisons with an existing optimization model and a conventional method, the present method exhibits good performance in smoothing the load fluctuations of residual loads.
The main contributions of this study are briefly summarized as follows. 1) The LSOM is developed for the hydrothermal system generation scheduling. This model aims to cope with local frequent load fluctuations that the existing optimization models face. Additionally, the model considers multiple provincial peak-shaving demands compared to conventional peak operations for a single PPG. 2) An appropriate integrated method is presented for solving the generation scheduling of hydropower plants, pumped-storage plants, and thermal plants.
II. PROBLEM FORMULATION A. OBJECTIVE
In power system operations in China, a major goal is to reduce the maximum load differences between the peaks and the off-peaks and smooth residual loads for many lowefficiency coal-fired units. With this goal, the present study intends to optimize the generation schedules of power plants operated by an RPG to alleviate peak-shaving pressure on subordinate PPGs. As mentioned in the last section, the power from these plants needs to be allocated among multiple PPGs. Unreasonable operational schedules may lead to frequent fluctuations in the residual load curves for PPGs and therefore cause continuous generation changes and even switching of the on/off status of some local coal-fired units [27] . These changes have an adverse effect on the operation efficiency and lifetime of these units.
To avoid the above situation, this study introduces an expected smooth residual load curve that is constructed in advance. The purpose is to formulate an objective function that minimizes the deviation between the expected and calculated residual load curves to optimize the power schedules and their allocation. This function is shown in Eq. (1) . Note that the residual load of each PPG should be calculated by subtracting the total allocated generation from the original load.
where S g,t is the expected residual load of provincial power grid g at period t; s g,t denotes the calculated residual load during optimization; C g,t is original load of power grid g in period t; Ph i h ,g,t , Pc i c ,g,t , Pp i p ,g,t , Pn i n ,g,t are generation of hydro plant i h , coal-fired plant i c , pumped-storage plant i p , nuclear plant i n allocated to power grid g in period t, respectively; M h , M c , M p , M n are total number of hydropower plants, coal-fired plants, pumped-storage plants, nuclear plants, respectively; T denotes last time interval under consideration; t is time period index; g is power grid index; i c is coal-fired plant index; i p is pumped-storage plant index; i h is hydropower plant index; i n is nuclear plant index;
The above objective function is suitable for a single PPG. When the considered power plants provide electricity for multiple PPGs, the objective function should be reformulated as
where G is total number of provincial power grids under a regional power network. Obviously, the number of objective functions is the same as the number of the considered power grids. ω g denotes the weight coefficient of an objective function. Generally, this coefficient depends on the peakshaving needs of power grids. Most of China's PPGs in the real world face great pressure to regulate loads during peak hours. That is, it is equally important for these power grids to meet their peak demands. Therefore, all weight coefficients are set equal to 1/G in this study.
B. CONSTRAINTS
The above objective function is subject to a number of power plant constraints and system constraints [28] , [29] . These constraints are listed in the following. Note that the generation schedules of nuclear plants are given in this study, and only the constraints (3)∼(5) are involved in operations.
1) SYSTEM CONSTRAINTS
• Power balance constraints for each power plant
where P m,t denotes power generation of plant m at period t; P m,g,t is the generation of plant m allocated to power VOLUME 7, 2019 grid g in period t. With this constraint, the sum of the power transmitted to each grid is equal to the power generation of the plant.
• Energy production from each plant transmitted to power grid g
where t denotes time period duration (=0.25 h); R m,g is the specified proportion of energy production from plant m transmitted to grid g; E m is the total energy production from plant m.
• The minimum power generation allocated to power grid g is a null lower bound. This constraint is a null upper bound for a pumped-storage plant.
The above operation constraints should be considered for each type of plant.
2) HYDROPOWER PLANT CONSTRAINTS
• The continuity equation
where
QT k i h ,t . V i h ,t is final storage volumes of hydropower plant i h in period t; δ means the seconds in an hour, which is used to ensure the same unit on both sides of the equation; Q i h ,t is inflow into reservoir i h in period t; q i h ,t is turbine discharge of hydropower plant i h in period t; Ql i h ,t is spill flow of reservoir i h in period t; Qn i h ,t is inflow into reservoir i h in period t; QT k i h ,t is delay flow from the upstream plant k into reservoir i h in period t with time delays; K i h is number of upstream plants for hydro plant i h . The above equation ensures that total inflow and outflow are balanced between interconnected hydropower plants.
• The specified control objective for a single reservoir
where Z i h ,T , Z i h ,T are final forebay level and specified level target of reservoir i h in stopping period T , respectively. This constraint is met when the difference between the calculated reservoir level at the end of the time horizon and the specified value is less than the given accuracy.
• The discharge capacity for each turbine
where q i h ,t , q i h ,t are maximum and minimum turbine discharge of hydropower plant i h in period t, respectively.
• The discharge capacity for each reservoir
where S i h ,t , S i h ,t , S i h ,t are discharge and its limitations of reservoir i h in period t, respectively. The lower bound is usually set according to the downstream flow requirement, while the upper bound is determined by the flood control requirement.
• The generation capacity of each hydropower plant
where Ph i h ,t is power generation of hydropower plant i h ; Ph i h ,t , Ph i h ,t are maximum and minimum generation of plant i h in period t, respectively. The upper bound depends on the available generation capacity, while the lower bound depends on the minimum technical output of all working turbine units.
• The reservoir levels are bound by:
where Z i h ,t , Z i h ,t , Z i h ,t are forebay level of reservoir i h in period t, and maximum and minimum forebay levels, respectively. This constraint means that the reservoir storage at the end of period t is limited within a reasonable range.
• The minimum continuous time steps of operation and shutdown for each plant
are minimum duration of operation and shutdown periods for hydropower plant i h , respectively. The above constraints are intended to avoid frequent power generation fluctuations.
• The maximum ramping capacity for power generation
where Ph i h denotes maximum ramping capacity of hydro plant i h in period t. The above constraint is considered to limit the extent of changes in generation between two adjacent periods.
• The minimum generation for a single plant
where Ph min,i h is minimum generation of hydro plant i h .
3) THERMAL POWER PLANT CONSTRAINTS
• Energy demand of each coal-fired plant
Pc i c ,t t = Ec i c (15) where Ec i c is total energy production from coal-fired plant i c . The energy demand is usually dependent on long-term (such as monthly) generation schedules.
• Generation capacity of each coal-fired plant
where Pc i c ,t is power generation of coal-fired plant i c ; Pc i c ,Pc i c ,t are minimum and maximum generations of coalfired plant i c , respectively. This constraint is similar to Eq. (10).
• Maximum ramping capacity for coal-fired generation
where Pc i c is maximum ramping capacity of coal-fired plant i c during two adjacent periods. This constraint is important to ensure the operational stability of coal-fired units.
• The minimum continuous time steps of operation and shutdown for each plant are minimum duration of operation and shutdown periods for coal-fired plant i c , respectively.
4) PUMPED-STORAGE PLANT CONSTRAINTS
• The continuity equations for the upper and lower reservoirs
where V up i p ,t , V low i p ,t are final storage volumes of the upper and lower reservoirs for pumped-storage plant i p in period t; q p i p ,t is turbine discharge (if positive) or pump flow (if negative) of plant i p in period t.
• Maximum and minimum reservoir levels are minimum and maximum levels of the upper and lower reservoirs for pumpedstorage plant i p in period t, respectively.
• The specified level objective for the upper reservoir
where Z up i p ,T , Z up i p ,T are the specified target level and the calculated value of the upper reservoir for pumped-storage plant i p in period T , respectively.
• Minimum and maximum power capacities Here, pumping power is represented as a negative value.
• Minimum and maximum discharge and pumping inflow are turbine discharge limits in period t. The pumping inflow is in line with the pumping power.
• The specified energy production demand for each plant
are total generation energy and specified energy target of pumped-storage plant i p , respectively. The constraint is satisfied under the condition of E
< ε, where ε is the specified accuracy.
• The maximum ramping capacity
where Pp i p is maximum ramping capacity of pumpedstorage plant i p in period t.
• The minimum continuous time steps of operation and shutdown for each plant are minimum duration of operation and shutdown periods for pumped-storage plant i p .
III. SOLUTION METHODOLOGY
An integrated methodology is developed to solve the above optimization problem. In this methodology, the original problem is broken down into two subproblems that are addressed respectively. The first subproblem is generating an expected residual load curve to reformulate the objective function. The purpose is to construct a satisfactory residual load curve by full use of load characteristics. The second subproblem optimizes the generation schedules of power plants so that the calculated residual load is close to the expected load as far as possible. The details are discussed in the following two subsections. The whole solution framework is shown in Figure 1 . 
A. CONSTRUCT THE EXPECTED RESIDUAL LOAD
A load subsection strategy is utilized that divides the load curve of one day into several subsections. This strategy aims to reduce the aforementioned load fluctuations in local hours and smooth the residual load curve in each subsection. This strategy consists of three main components.
1) DETERMINE AN INITIAL RESIDUAL LOAD CURVE
First, the average generation of each power plant can be easily calculated with the known energy demand. By fixing the generation over all periods, the initial generation profile is then obtained. If the plant serves multiple PPGs, the power generation of each period needs to be further allocated among power grids using the fixed ratios. Thus, the initial residual load of each power grid in period t can be determined by the following equation: (27) where the allocation ratios Rh i h ,g , Rc i c ,g , Rp i p ,g , and Rn i n ,g for each power plant depend on the multilateral contracts among power grids and generation enterprises. 
2) DIVIDE THE LOAD CURVE USING REVERSALS IN LOAD TENDENCIES
An initial residual load curve is presented in Figure 2 to clearly describe the principle of load division. Three steps are included in the solution procedure.
Step 1: Find all extreme points of the load curve, and denote them as s g,t1 , s g,t2 , . . . , s g,tn . The extreme points include the maximum and minimum values. As shown in Figure 2 , four extreme points (EP 1 , EP 2 , EP 3 , and EP 4 ) are marked.
Step 2: Calculate threshold values using two adjacent extreme points. For example, in Figure 2 , the average of the extreme loads at periods t 1 and t 2 is selected as a threshold value. Then, the period where the load is equal to the threshold value is marked as a break point (BP). For example, in Figure 2 , t 1 denotes the boundary between the first load subsection and second one.
Step 3: Repeat the above step, and determine all BPs. The period between two adjacent BPs is categorized as one subsection. Note that two additional subsections from 00:00 to the first BP and from the last BP to 24:00 should be considered. In this way, the load curve shown in Figure 3 is divided into four subsections that are (00:00∼ t 1 ), (t 1 ∼ t 2 ), (t 2 ∼ t 3 ), and (t 3 ∼ 24:00). Note that t 1 , t 2 , and t 3 are dependent on the load extreme points. 
3) CALCULATE THE EXPECTED RESIDUAL LOAD
The expected residual load during period t is set equal to the average of all load values in its subsection, expressed as Eq. (28). Thus, a residual load curve can be obtained. Figure 3 shows an example.
where is the period set during one load subsection and N is the number of periods included in the set . Here, and N can be determined after completing the load division.
B. OPTIMIZE THE GENERATION SCHEDULE
The residual load obtained in the last subsection can be introduced into Eq. (2) to obtain the reformulated optimization model. This model exhibits great complexity due to the multivariable coupling objective and many spatiotemporal operation constraints. The goal is to determine the generation schedules of power plants and their allocation among multiple PPGs. Due to different operation characteristics, conditions and constraints among coal-fired plants, pumpedstorage plants, and conventional hydropower plants, three algorithms are selected for these types of plants to determine the initial power generations. In the operations of coal-fired plants, the daily energy target is usually given, and there is no relation among different plants. It is greatly different from hydropower operations. In this situation, the working position of each plant on the load curve and the quarter-hourly generation profile are mainly dependent on the given energy requirements. Such a problem can easily be solved by an ILSM that was developed for this type of operation problem. This algorithm exhibits a high efficiency because there is no need to resolve an objective function during the search process. The algorithm is easily programmed and implemented without optimization. More importantly, the produced generation schedules are practical and acceptable for system operators.
Compared to the coal-fired plants, hydropower system operations with time/space hydraulic connections among different plants and different periods are more complex. The above ILSM is not suitable for this problem because the generation scheme obtained from this method may violate the upper/lower boundaries of the reservoir level or power discharge. Therefore, we choose the MSPOA that was developed for short-term operations of cascaded hydropower plants. The method is capable of efficiently resolving strict hydropower constraints and conditions and thus providing a practical and stable operation scheme within reasonable computational time. This method has been demonstrated in our previous work [30] .
Pumped-storage power plants (PSPPs) have two operation modes, generating and pumping. These plants are required to shave the peak load and fill the off-peak load. Therefore, PSPPs should generate power during peak hours and pump water to absorb surplus energy during off-peak hours. Compared to coal-fired plants and conventional plants, PSPPs exhibit special characteristics. Each plant has upper and lower reservoirs that are coupled with complex hydraulic connections and operation constraints. Moreover, the pumped power should be scheduled with several discrete values because fixed-speed pumps can only operate at a single operating point for a given head. In addition, generating and pumping do not occur during the same period. These peculiarities make it difficult to use the above two methods to address the operations of PSPPs. Therefore, we utilized a well-designed heuristic search algorithm (HSA) to determine the generating and pumping schedules. The main advantage of this algorithm is that it is well suited for engineering applications due to the aforementioned operation characteristics, and practical experience and rules information are considered in this algorithm.
Both the MSPOA and HSA have been described in our previous works [30] , [31] . More detail can be found in these references. The principle of the ILSM is presented in the first subsection. The second subsection proposes a variable neighborhood search algorithm to solve the optimization of the generation allocation among power grids. 
1) IMPROVED LOAD SHEDDING METHOD FOR OPERATION OF COAL-FIRED PLANTS
Load shedding methods (LSMs) are commonly used in China to determine the generation profiles of power plants, while the energy demand and load curve over the time horizon are given [32] . The basic idea is to find a shedding position on the load figure so that the calculated energy (denoted by the shaded area in Figure 4 ) is equal to the given value. Correspondingly, the shading reflects the generation profile of the power plant. Due to the frequently fluctuating load curve, however, the obtained generation profile may violate the temporal coupling constraints, such as Eqs. (17)∼ (18) . Therefore, an improved LSM is developed. This method first reconstructs the load curve according to the operation constraints and then determines the generation profile of a power plant using a standard LSM.
x Third, the load curve obtained in the second step is further modified by considering the maximum ramping capacity, and the final reconstructed load curve is denoted by
and t max and t min are the periods with the maximum and minimum load values among C c g,1 , C c g,2 , . . . , C c g,T , respectively.
y Determine the generation profile of plant i c using the LSM To meet the specified energy target, iterations are required in the search process. If the calculated energy is larger than the specified value, the shedding position will be moved upward; otherwise, the shedding position will be moved downward. Note that the energy target should be given in advance. This target is usually dependent on long-term (such as monthly) generation schedules and is determined by the coordination of dispatching centers and generation enterprises in real-world operations. Figure 4 shows the principle of the LSM. Here, an accuracy is predetermined as the convergence condition. When the difference between the calculated energy and the specified target is less than the given accuracy, the search process will stop. In this study, we set this parameter equal to 0.1 according to actual requirements.
2) VARIABLE NEIGHBORHOOD SEARCH ALGORITHM FOR GENERATION ALLOCATION AMONG PPGs
The neighborhood search starts on a given solution and produces a certain perturbation of this solution to obtain an improved solution [33] , [34] . Iterations are needed until the search converges to the optimal solution or satisfies the given stopping conditions. Figure 5 depicts the basic principle of this algorithm.
The solution procedure of the present optimization problem consists of two key parts. First, an initial generation schedule and its allocation among power grids are produced as the initial solution for the neighborhood search. The choice of the method depends on the plant type. A suitable method for the current plant can be obtained from the above three algorithms. The following equation is used to calculate the 
Thus, the emphasis is placed on the second part. This part employs the variable neighborhood search to improve the initial solution. In the neighborhood structure, the search is limited in a local feasible space involving two power grids and two periods in each iteration. We generate new solutions by increasing or reducing the allocated generations for the two power grids with a variable generation step. The detailed procedure is described as follows: Initialization: (1) Set the search step N step = N 0step , where N 0step is an initial step;
(2) Generate all combinations of any two power grids, and define the set as , where the label of any element in is denoted as φ, where 1≤ φ ≤ C 2 G . (3) Generate all combinations of any two periods, and define the set as , where the label of any element in is represented as φ, where 1≤ ϕ ≤ C 2 T . (4) Set φ = 1 and ϕ = 1.
Main step:
The following steps constitute a whole iterative search procedure. The search procedure does not stop until the deviation between objective values in the last two iterations is within the given scale.
(1) Obtain the ϕth combination of two power grids from , and denote this combination as < g , g >; (2) Obtain the φth combination of two periods from , and denote this combination as < t , t >; (3) Increase/reduce the generation of the current plant allocated to power grid g in period t , and reduce/increase the generation in the same step in period t to satisfy the constraint Eq. (4); (4) To meet the power balance constraint, reduce/increase the same generation of the current plant allocated to power grid g in period t , and increase/reduce the generation in period t . Through Steps (3) and (4), a new solution can be represented as Eq. (30) .
(5) Calculate the residual load of each power grid, and obtain two additional solutions; (6) Check the feasibility of the two solutions. If there exists at least one solution satisfying the above operation constraints, go to Step (8); otherwise, go to Step (7); (7) Set N step = N 0step and ϕ = ϕ + 1; if ϕ ≤ C 2 T , return to Step (2); otherwise, go to Step (11); (8) Compare the new solution with the current solution; if the objective value of the former is smaller than that of the latter, then go to Step (9); otherwise, go to Step (10); (9) Update the current solution with the new solution, and set ϕ = 1; return to Step (2); (10) Set N step = N step × 2 to enlarge the search scope, and return to
Step (3); If the optimization result attains the stopping condition, the search will stop; otherwise, set φ = (φ +1) % C 2 G and ϕ = 1; then, return to Step (1). 
IV. CASE STUDIES A. PRACTICAL ENGINEERING AND INPUT DATA
The developed model is applied to the short-term operation of power plants dispatched by the ECG. There are 2 hydropower plants, 4 pumped-storage plants (Xiangshuijian is not considered in this study), 6 thermal plants, and 2 nuclear plants, as shown in Table 1 . These plants, with 16054.8 MW installed, serve three provinces and one city, i.e., Shanghai City, Zhejiang Province, Jiangsu Province, and Anhui Province. A major goal is to respond to the electric demands of the four PPGs during high-load hours because these PPGs have flexible regulating capability. To test the validity, the proposed model is applied to making day-ahead quarter-hourly generation schedules. Two simulation cases are given. The first case shows a comparison with an existing load optimization model (peak energy maximization model, PEMM for short). The second case presents a comparison between our method and a conventional method. Note that some important calculation conditions are set according to historical records. The allocation proportions of energy production from each plant are listed in Table 2 . It should be mentioned that these allocation proportions are obtained from the multilateral electricity contracts among power grids and generation enterprises. The original loads of the four PPGs are shown in Figures 7 ∼ 10 . The implementation of the solution spent approximately 32 seconds, which is acceptable in short-term operations.
Two indices, the difference between maximum and minimum and the allan variance in residual loads, are introduced to evaluate the obtained residual loads [35] . The first index directly reflects the effect of peak shaving. The latter index indicates the stability of the residual load curve during a period of time and is commonly used in the signal field to measure the stability of signal sequences. The allan variance is calculated using 1≤t≤T −1 (s g,t − s g,t+1 ) 2 (T − 1).
B. CASE 1
Before optimization, the original load curve should be divided to construct an expected residual load profile. According to load characteristics and real-world needs, three subsections are considered: 00:00∼07:15, 07:15∼17:45, and 17:45∼24:00. This method is usually used by the dispatching center of the ECG. The first subsection means low-load hours (sleep time), while the second and the third subsections reflect high-load hours for working and living, respectively. Under the same conditions, our method and the PEMM optimized the operation problem, and the results of the comparison are presented for this case. Table 3 presents the quarter-hourly generation schedules of all power plants obtained from the present method.
Compared to the PEMM, the present method greatly reduces the maximum differences in residual loads, especially in the second and third load subsections. These reductions are noticeable in the Shanghai and Jiangsu power grids. The reductions in the maximum load differences of these power grids reach 1945 MW and 1166 MW Correspondingly, the allan variances in residual loads from the proposed method are also far smaller than those from the PEMM in Shanghai and Jiangsu. For example, there are large decreases of 59% during daytime peak hours and 30% during nighttime peak hours for Shanghai. These results mean that the load fluctuation in the local period is greatly reduced, as observed in Figures 6 and 7 . The main reason is that the residual load in one period is only affected by other loads within the same load subsection. Thus, the capability for smoothing the load curve is improved. This finding is different from the method used in the PEMM. In addition, the main reason why the peak-shaving result for Zhejiang is worse than that for other power grids is that the majority of received electricity is from thermal plants and nuclear plants with poor dispatchable capabilities. This finding is reasonable and acceptable. Taken together, the proposed method is capable of regulating and smoothing loads in local hours, significantly reducing the load fluctuation.
In fact, the load subsection optimization originates from real-world engineering. In the power operations of the ECG, the energy production from power plants is usually allocated in order of the peak, middle, and off-peak of the load curve. This allocation is a simple but practical way. Therefore, this study introduces this method into the optimization model. The optimization results are consistent with what operators expect. The above comparison effectively reflects the advantages of the present method.
C. CASE 2
This case focuses on a comparison with a conventional method. Table 4 presents the comparison results. As we inferred, the proposed method produces an average reduction of 29% in the maximum load difference in residual loads and 22% in the allan variance during high-load hours (the second and third load subsections). Specifically, the reductions in the allan variances in Shanghai and Anhui are noteworthy and are approximately 49% and 34%, respectively. There are several main reasons. The first is that the original loads of these two power grids are far less than those of the other two grids. That is, the same energy received from the ECG may produce greatly different effects for peak shaving among the PPGs. The second is that Shanghai receives approximately 42% of its energy from pumped-storage plants, and Anhui receives 20% of its total. In the operation scheme, the pumped-storage plants play a significant role in responding to peak demands due to flexible operation characteristics. Additionally, none of the coal-fired units transmit power to Anhui according to the energy allocation proportions shown in Table 2 . This finding may be why improvement in the allan variance is observed in all three subsections for the residual load in Anhui. Specially, Shanghai and Zhejiang receive a total of 84% energy from coal-fired plants and 76% energy from two nuclear power plants, respectively (Note that the index is calculated by adding up the allocation proportions of each plant). These two types of plants are hard to provide flexible dispatchable power following load changes. The nuclear power remains unchanged over the time horizon, as shown in appendix. Moreover, there is a minimum power limitation for each coalfired unit, and this limitation restricts the positive response to electrical demand changes in light-load hours (the first load subsection). Therefore, little improvement in peak shaving is produced in the first load subsection for the other three power grids, especially Shanghai and Zhejiang.
The results indicate that the present method deals better with the load differences in multiple power grids and simultaneously responds to different peak loads during high-load hours. However, the results also demonstrate that the operating flexibility of different power plants has a significant effect on smoothing fluctuations in residual loads, although power coordination among different power grids can effectively improve the capability of the electrical demand response. In addition, the conventional method allocates the power generation of each period among the subordinate provincial power grids by using the proportions specified in the multilateral contracts. Therefore, this method has difficulty responding to different peak loads in multiple power grids in the second and third load subsections. The results of the comparison also imply that it is very necessary and important to coordinate dispatchable power among different power grids and fully use the load differences.
Overall, the above cases show the merits of the proposed optimization method. It is concluded that this method is able to make practical and efficient generation schedules to alleviate peak-shaving pressures and reduce load fluctuations.
V. CONCLUSIONS
Soaring peak load demands pose a great challenge to scheduling the operations of coal-dominated power systems in China. In this paper, the peak operation of a hydrothermal power system in an RPG is the focus. Moreover, multiple subordinate PPGs with electricity connections are simultaneously considered. This kind of problem is more difficult to solve compared to the operation problems of a single power grid because of the greatly different load demands among multiple power grids. The developed integrated methodology is used to solve the present problems and is tested by two simulation cases.
The comparisons with the conventional method and the peak energy maximization method present several research findings about generation scheduling with multiple provincial peak-shaving demands. First, using load subsection optimization is helpful to smooth local fluctuation of residual loads, which is supported by the decrease of maximum load differences between peak and off-peak, as well as allan variances. One of main reasons is that the residual load in one period is only affected by the same-subsection loads not all loads within the time horizon, while the load curve is divided into several subsections. It is easier to respectively regulate each part of the whole load curve. Meanwhile, there are different peak-shaving effects between high and low load hours. Larger reductions of the above two indexes are observed during high load hours. This may be mainly dependent on the generation production distribution of power plants throughout the day. It is the second finding of the present study. The case results show that about four fifths of total generation energy is produced during high load hours, thereby providing much peak power for responding to load demands. It should be also noted that the dispatchable power such as hydropower and pumped-storage power has a more significant effect on peak-shaving. We can find this situation from the results of Shanghai Power Grid. The finding implies that the operating flexibility of different power plants greatly decides it own value in following load changes. Another finding is the power coordination among different provincial power grids can effectively improve the capability of the electrical demand response. Here, the differences of load characteristics among these power grids are the base for implementing the coordination. In other words, the coordination allows the shift of dispatchable power from low load periods of one power grid to high load periods of another power grid. In summary, the developed load subsection optimization and the power coordination among different time periods and different power grids have a significant role in improving generation schedules and their allocation among power grids. They can provide a practical technical tool to alleviate the common peak-shaving pressures on most PPGs in China.
This study presents a novel idea of load subsection optimization and utilizes the average load of each subsection as the expected value of the optimization model. In the method, there are two potential improvements to be analyzed in future work. One is how the load curve should be divided. The reversals in load tendencies are utilized in current research. Other load characteristics such as peak and off-peak hours, or practical peak-shaving requirements may be employed to develop another strategy for dividing the load curve. Another research issue is how an expected residual load profile should be constructed while the number of load subsections is determined. The sensitivity analysis among different expected residual load profiles can be further discussed. In addition, this study takes into consideration hydropower plants, pumped-storage plants, and coal-fired plants operated by the ECG. Extensions of the model with outer hydropower that is transmitted to the ECG through ultra-high voltage direct current lines are more complex and recommended as another subject for further work. The role of the outer hydropower in responding to peak loads can be explored. A small improvement in generation scheduling may translate into large dispatchable power as the maximum outer hydropower occupied nearly 15% of the peak loads of ECG. He is currently a Senior Engineer with the Dispatching Control Center, East China Grid Co. Ltd., Shanghai, China. His current research interests include hydropower system optimization, integrated management of multiple energy sources, and power grid management. He is currently a Software Engineer with Meituan Corporation. His current research interest includes optimization algorithm design and development. VOLUME 7, 2019 
QING-XI MENG

